The 3T3-L1 cell line is one of the most well-characterized and reliable models for studying adipocytes. Increased oxidative stress in accumulated fat was found in 3T3-L1 cells. Berberine, an isoquinoline alkaloid, could suppress fat deposition in 3T3-L1 cells; however, whether berberine suppresses increased oxidative stress is not well known. In this study, we observed the effect of berberine on increased oxidative stress in 3T3-L1 cells. 3T3-L1 cells were cultured and treated with berberine (5-20μM) from day 3 to day 8. We confirmed that berberine markedly inhibited fat accumulation and lipid droplets in 3T3-L1 adipocytes and decreased triglyceride content. Berberine inhibited increased oxidative stress in 3T3-L1 cells by suppressing reactive oxygen species (ROS) production, and increased glutathione peroxidase (GPx) gene expression and GPx activity. Berberine also markedly reduced adipokines secreted by adipocytes, including leptin and resistin.
Berberine, an isoquinoline alkaloid, is present in several plant species, including Hydrastis canadensis (goldenseal), Coptis chinensis (coptis or goldenthread), Berberis aquifolium (Oregon grape), B. vulgaris (barberry), and B. aristata (tree turmeric) [1] . There are many reports that berberine has health benefits, including protection against cardiovascular disease and Alzheimer disease [2a, b] .
Recently, metabolic syndrome has become a global health concern and refers to a constellation of the risk factors for cardiovascular disease. Cicero et al.' s [3] review focused on widely marketed nutraceuticals with clinically demonstrated effects on more than one component of metabolic syndrome, such as berberine. Another study evaluated the effect of berberine administration on metabolic syndrome [4] . Obesity plays a critical role in the development of metabolic syndrome. Adipocytes produce various biologically active factors, termed adipokines, including leptin [5] and resistin [6] . These adipokines play an important role in the pathogenesis of metabolic syndrome. Fat accumulation is closely correlated with markers of systemic oxidant stress, which leads to the pathogenesis of metabolic syndrome [7] .
The 3T3-L1 culture line, derived from disaggregated Swiss 3T3 mouse embryos, is the most widely used culture model [8] . Previous studies have stated that berberine suppressed preadipocyte differentiation into adipocytes in 3T3-L1 cells [9] ; however, evidence regarding oxidative stress after berberine treatment was not sufficient in 3T3-L1 cells. We thus examined whether berberine attenuates increased oxidative stress in 3T3-L1 cells.
3T3-L1 preadipocyte differentiation to adipocytes gradually occurred with lipid accumulation by day 4. On day 8, 3T3-L1 cells differentiated to mature adipocytes, which were charged with oil droplets. During the mixed medium induction, berberine was added to the medium on day 3 to observe its effects on 3T3-L1 cell differentiation, and adipocytes were stained with Oil Red O on day 8. Berberine treatment inhibited preadipocyte differentiation markedly. When compared with mature adipocytes, droplets observed in the cells were markedly fewer and smaller after berberine treatment ( Figure 1A ). Differentiated 3T3-L1 adipocytes begin to retain triglyceride in the cells. The 3T3-L1 cells were harvested on day 8 and the resultant cell lysate was used for triglyceride content determination. Triglyceride content increased significantly in differentiated cells on day 8. Berberine treatment significantly suppressed the triglyceride content in adipocytes on day 8 in a dose-dependent manner (26, 37 and 43%, respectively) ( Figure 1B ). ROS production was markedly increased during differentiation of 3T3-L1 cells to adipocytes. Berberine at concentrations of 5, 10 and 20 μM significantly decreased ROS production (29%, 36%, 46%, respectively, P <0.05) in a dosedependent manner ( Figure 1C ).
Leptin and resistin are known as adipokines, which are mainly secreted by adipose tissue. We observed no leptin and resistin gene expression in preadipocytes, while leptin and resistin gene expressions were markedly increased in adipocytes.
Berberine at 5, 10 and 20 μM decreased leptin and resistin significantly in a dose-dependent manner in 3T3-L1 adipocytes (Table 1A) . Post-confluent cells initiated differentiation into adipocytes for up to 8 days and were treated with berberine from day 3 to day 8. We measured leptin and resisitin levels in cell lysates using ELISA. Leptin was dose-dependently suppressed, significantly at 5 to 20 µM compared with adipocytes. Resistin activity was also significantly decreased by beberine treatment (Table 1B) .
It is known that 3T3-L1 cells have a moderately high content of extracellular-superoxide dismutase (EC-SOD) and GPx. In this study, gene expressions of EC-SOD and GPx were detected in 3T3-L1 adipocytes, and berberine at concentrations of 5 and 20 μM Berberine treatment inhibited adipocyte differentiation markedly. When compared with mature adipocytes, droplets observed in the cells were markedly fewer and smaller after berberine treatment (A). Triglyceride content was measured by an ultraviolet spectrophotometric method (B). ROS production was detected by NBT assay. (C) Each bar represents the mean ± SD, with n = 3. *P <0.05, **P <0.01, ***P <0.001 vs. adipocyte group, using one-way ANOVA, followed by the post-hoc test. significantly increased GPx gene expression (35% and 42%, respectively, P <0.05, Figure 2A ). However, 20 μM berberine did not significantly change EC-SOD mRNA gene expression in 3T3-L1 adipocytes (data not shown).
Post-confluent cells initiated differentiation into adipocytes for up to 7 days and were treated with berberine from day 3 to day 7. Cell lysates extracted on day 7 differentiated 3T3-L1 with berberine. We measured GPx activity in cell lysates using ELISA. GPx activity was significantly increased with berberine treatment ( Figure 2B ). EC-SOD activity was not induced by berberine (data not shown).
In the present study, ROS production was markedly increased during differentiation of 3T3-l1 cells into adipocytes. Furukawa et al.
[9a] examined the significance of ROS in cultured adipocytes. ROS production was markedly increased during differentiation of 3T3-L1 cells into adipocytes, suggesting that ROS production increases in parallel with fat accumulation.
We newly revealed that berberine suppressed the production of ROS, as assessed by NBT assay in a concentration-dependent manner using day 8-differentiated 3T3-L1 cells. Choi et al. [10] also documented that berberine has anti-adipogenic effects on 3T3-L1 adipocytes, and these anti-adipogenic effects seem to be due to the down-regulation of adipocyte-secreted molecules. It is now known that fat tissue, an active endocrine organ, releases a large number of bioactive mediators, named adipocytokines, such as leptin and resisitin. In 3T3-L1 adipocytes, the secretion of resistin was mediated by C/EBPs and PPAR γ [11] . Resistin mRNA was detected in 3T3-L1 cells by day 3 following the induction of differentiation into adipocytes [12] .
In our study, resistin mRNA expression and protein were markedly increased in adipocytes. Berberine treatment significantly inhibited resistin expression (Table 1 ). D'Aplito et al. [13] documented that urea-induced ROS production increased resisitin expression in 3T3-L1 cells. Decreased resistin in our results may depend on decreased ROS production by berberine treatment. Oxidative stress is defined as an imbalance between pro-oxidant and antioxidant enzymes in cells. It is known that 3T3-L1 cells have a moderately high content of EC-SOD [14] and GPx [15] as antioxidant enzymes. We determined EC-SOD and GPx activities as cell responses to possible oxidative stress． EC-SOD activity was not induced by berberine. Decreased leptin by berberine treatment may be related to EC-SOD expression in 3T3-L1 cells. In contrast, the expression of GPx mRNA was significantly increased with berberine treatment, and GPx activity was also significantly increased compared with the control, which was not treated with berberine. In our study, berberine inhibited ROS production in 3T3-L1 cells. Meanwhile, EC-SOD and GPx were detected in cultured 3T3-L1 adipocytes, and berberine markedly increased GPx expression.
In conclusion, berberine could suppress oxidative stress, which was related with the inhibition of ROS production. This mechanism may be related to the expressions of GPx and resitin. Berberine has great potential health benefits for the prevention of increased oxidative stress.
Experimental
Cell culture and treatments: Murine 3T3-L1 preadipocytes obtained from Health Science Research Resources Bank (Osaka, Japan) were grown on FALCON 6-well plates (Franklin Lakes, USA) in a 5% CO 2 atmosphere at 37 o C and maintained in lowglucose DMEM (1000 mg D-glucose/L) supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin. The 2-day post-confluent 3T3-L1 cells (designed as day 0) were incubated with 10% FBS/high-glucose DMEM (HG-DMEM, 4500 mg D-glucose/L) and antibiotics, 500 μM 3-isobutyl-l-methylxanthine, 1μM dexamethasone, and 5μg/mL insulin for 3 days (days 0-2). Then the cells were incubated for 2 days in 10% FBS/HG-DMEM with insulin (days 3-4), and thereafter incubated in 10% FBS/ HG-DMEM that was changed once every 2 days (days 5-8). Cells receiving berberine chloride were given 10% FBS/HG-DMEM and insulin containing a final concentration of 5, 10 and 20 μM berberine (Sigma, St. Louis, USA) in DMSO on day 3 and day 4, then the medium was changed to only 10% FBS/HG-DMEM with berberine for the last 4 days (days 5-8).
Triglyceride measurement: Cells were lysed using RIPA buffer with a protease inhibitor cocktail and SDS and measured for triglyceride content on day 8. The triglyceride concentration was corrected by protein content.
Oil red O staining: After differentiation (day 8), cells were stained with Oil Red O to detect droplets in adipocytes.
Reverse transcription-polymerase chain reaction:
Total RNA was extracted from cultured 3T3-L1 adipocytes (day 8) and preadipocytes using a QIAGEN RNeasy Mini Kit. Complementary DNA was generated from 2 μg or total RNA and synthesized using a High Capacity cDNA Reverse Transcription Kit. To enable comparisons between samples and groups, quantities of all targets in test samples were normalized to GAPDH.
ROS production in 3T3-L1 adiopocytes:
ROS production was detected by the NBT assay.
Determination of GPx, EC-SOD, leptin and resistin:
Cells were lysed in ice cold lysis buffer. The cell lysates were diluted and the contents measured using each ELISA kit. Leptin and resistin were determined by a Mouse Leptin ELISA KIT (Shibayagi, Gunma, Japan) and Quantikine ELISA (R&D Systems, Minneapolis, USA), respectively. SOD was assayed by a SOD assay kit-WST (Tokyo, Japan). GPx was measured by a Glutathione Peroxidase Assay kit (Northwest, Vancouver, Canada). The values were corrected to the total protein content.
Statistical analysis:
All data are analyzed by one-way analysis of variance (ANOVA). Multiple group comparisons were made with the least significant difference post-hoc test by SPSS 17.0. Significant difference was defined as P<0.05.
